The importance of genetic predisposition, inflammation, and autoimmune mechanisms in the development of pulmonary arterial hypertension (PAH) is becoming increasingly clear. We hypothesized that the analysis of gene expression profiles from peripheral blood mononuclear cells would distinguish patients with PAH from normal volunteers. We also hypothesized that a subset of genes would discriminate between patients with idiopathic PAH and pulmonary hypertension related to secondary causes. Mononuclear cells were isolated from 15 patients diagnosed with PAH and 6 normal control subjects. Microarray expression was performed, and the expression profiles were analyzed for consistent and predictive differences in gene expression. We identified a signature set of 106 genes that discriminated with high certainty (p р 0.002) between patients with PAH and normal individuals. The results of the microarray analysis were retrospectively and prospectively confirmed by quantitative polymerase chain reaction for 2 of the 106 genes. Supervised clustering analysis generated a list of differentially expressed genes between patients with idiopathic and secondary causes of pulmonary hypertension. Microarray expression profiling of peripheral blood cells can discriminate between patients with PAH and normal volunteers. These findings may have important implications toward diagnosis, screening, and pathogenesis of this disease.
It is hypothesized that the development of pulmonary arterial hypertension (PAH) requires first a genetic susceptibility followed by one or several secondary trigger factors such as a viral infection or drug exposure (1, 2) . Although a number of promoting events are currently recognized, the individual's genetic susceptibility and the interaction of the genotype with the promoting factor or factors remain areas of active research.
Inflammation may play an important role in the development of some or all forms of severe pulmonary hypertension (3) (4) (5) . PAH is a recognized complication of a number of systemic inflammatory conditions such as scleroderma and systemic lupus erythematosus (6) . Mononuclear inflammatory cells surround the plexiform lesions in patients with scleroderma-related PAH and idiopathic PAH (IPAH) (7, 8) and plasma levels of inflammatory markers are elevated in patients with IPAH compared with normal control subjects (9, 10) .
In concert with potential inflammatory mechanisms, there exists evidence that immunologic abnormalities may be associated with the development of PAH. Patients with human immunodeficiency virus-1 infection or with the POEMS syndrome (polyneuropathy, organomegaly, endocrinopathy, M protein, and skin changes) are known to develop severe pulmonary hypertension (1, 11) . A significant number of patients diagnosed with IPAH have evidence of an autoimmune disorder and systemic inflammation. These abnormalities include the presence of antinuclear antibodies, an increased incidence of autoimmune thyroiditis, increased serum levels of proinflammatory cytokines such as interleukin-1 and interleukin-6, increased incidence of specific major histocompatibility complex class II molecules, and increased pulmonary expression of platelet-derived growth factor, macrophage inflammatory protein-␣, and RANTES (regulated upon activation, normal T cell expressed and secreted) (3, (12) (13) (14) (15) (16) .
The pathogenesis of severe PAH is complex, and it is likely that multiple modulating genes and environmental factors are involved. Such complexity lends itself to the use of microarray technology, which allows the efficient and accurate simultaneous expression measurement of thousands of genes (17) . This technology has been most successfully employed in the investigation of cancer, including hematologic malignancies and in the classification of histologically indistinct tumor types with different natural histories (18) (19) (20) (21) (22) . A significant challenge to the study of gene expression is the collection of biological material of sufficient homogeneity, quantity, and quality for microarray study. Biopsy specimens from patients with early-stage disease tend to be small, and routine histologic preservation (formalin fixation) generally prohibits quality ribonucleic acid extraction. Furthermore, in PAH lung biopsy is relatively contraindicated because of the high associated morbidity and mortality of the procedure.
As discussed previously here, PAH is associated with an altered cytokine, chemokine, and growth factor milieu of circulating cells (12, 14, 23, 24) . These changes, combined with the genetic susceptibility to the development of PAH and the possibility of autoimmune and inflammatory etiologies of the disease, led us to hypothesize that peripheral blood mononuclear cells (PBMCs) from patients with PAH would have an altered gene expression pattern compared with normal individuals. Here we used PBMCs as a surrogate marker to distinguish patients with PAH from normal individuals by gene expression profiling. We demonstrate, for the first time, that global expression profiling of peripheral blood cells can distinguish patients with a chronic pulmonary disease.
METHODS

Subjects and Blood Collection
Blood donors were volunteers, as approved by the institutional humansubjects review board (Colorado Multiple Institution Review Board [COMIRB] protocol number 00-605). All subjects gave informed con-sent. The "microarray cohort" of subjects was composed of 15 patients diagnosed with PAH (seven patients diagnosed with IPAH and eight diagnosed with PAH related to a secondary cause [s-PAH]) and 6 normal volunteers (Table 1) . In addition to the microarray cohort, we prospectively studied a second group of patients. This group was composed of 14 patients with PAH (4 patients with IPAH and 10 patients with s-PAH) and 6 normal volunteers and is referred to as the "prospective cohort" ( Table 2 ). The diagnosis of IPAH was established using the algorithm developed by the Primary Pulmonary Hypertension (PPH) National Institutes of Health registry (25) . Patients were excluded from the study if there was evidence of other active disease processes unrelated to PAH within the preceding 30 days (i.e., systemic infection, bleeding diathesis) Blood recovered from a peripheral venipuncture was collected between 1:00 and 4:00 p.m. into vacutainer tubes containing ethylenediaminetetraacetic acid. All blood was drawn from a peripheral vein through a 21-gauge needle. All specimens were processed within 2 hours of collection. The enrolled patients had previously undergone right heart catheterization to confirm the diagnosis of severe pulmonary hypertension. The peripheral blood draws were performed at least 14 days after cardiac catheterization, and in the majority of cases, the blood draw occurred more then 60 days after the catheterization. Echocardiography was performed within 90 days of the blood draw to confirm the persistent elevation in pulmonary arterial pressure. The blood analysis from these patients was compared with that from six normal volunteers. The patients and control subjects were age matched. The patients with IPAH compared with s-PAH were matched by disease severity (mean pulmonary artery pressure, cardiac output, and pulmonary vascular resistance).
The results from the gene microarrays were confirmed by quantitative polymerase chain reaction (q-PCR) retrospectively on a subset of patients from the microarray cohort (five patients with PAH and three normal control subjects) and prospectively on a second group of PAH patients and normal control subjects (14 patients with PAH and 6 normal control subjects) ( Table 2) . 
Definition of abbreviations:
Ca 2ϩ ϭ treatment with calcium channel blockers; CO ϭ cardiac output; CREST ϭ calcinosis, Raynaud's phenomenon, esophageal dismotility, sclerodactyly, telangiectasias; dias ϭ diastolic; F ϭ female; ILD ϭ intersitial lung disease; IPAH ϭ idiopathic pulmonary arterial hypertension; M ϭ male; PA ϭ pulmonary artery; PAH ϭ pulmonary arterial hypertension; PE ϭ chronic pulmonary thromboembolic disease; Phen/fen ϭ exposure to the anorexigens phentermine/fenfluramine; PGI2 ϭ treatment with intravenous epoprostenol; Portal Htn. ϭ portal hypertension; PVR ϭ pulmonary vascular resistance; Rx ϭ therapy received at the time of blood draw; sys ϭ systolic.
Vasoresponsive indicates a more than 20% decrease in mean PA pressure and a more than 25% decrease in PVR after an acute vasodilator trial.
* No data available.
Isolation of PBMCs
Four milliliters of peripheral blood were collected in tubes containing ethylenediaminetetraacetic acid. The blood was diluted in three volumes of phosphate-buffered saline ϩ 2-mM ethylenediaminetetraacetic acid ϩ 0.5% bovine serum albumin. The mononuclear cell layer (which includes monocytes/macrophages, B and T lymphocytes, and natural killer cells) was isolated via density gradient centrifugation (Hisotpaque 1077, 1,200 rpm for 30 minutes). The purity of the mononuclear cell layer was assessed by a Coulter counter on a representative population of the patients (eight patients with PAH and six normal control subjects) and determined to comprise greater than 90% mononuclear cells.
Microarray Data Generation
Sample preparation, RNA isolation, and high-density oligonucleotide array hybridization and scanning were performed as described previously (26) . Fluorescence intensities were quantified using the Affymetrix Microarray Suite 5.0 statistical algorithm with default parameters for the array type used in this study (Affymetrix, Santa Clara, CA). Tabular gene expression data are published online in Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/), submission GSE703.
q-PCR
RNA was extracted from PBMCs using the RNAeasy kit (Qiagen, Valencia, CA). Primers and probes were obtained from Applied Biosystems Assays on Demand (Foster City, CA). All reactions were performed on a Gene Amp 5,700 sequence detector (Applied Biosystems) using the conditions recommended by the manufacturer. Standard curves were created using cloned PCR products in concentrations ranging from 0.1 to 0.0001 ng/l. We confirmed the absence of nonspecific amplification by examining PCR products by agarose gel electrophoresis. Standard and experimental samples were run in triplicate, and the results were averaged. All results were standardized to expression of ␤-actin. Genes assayed by q-PCR included endothelial cell growth factor-1 (ECGF-1), adrenomedullin (ADM), and tumor necrosis factor receptor super family 14 also referred to as herpesvirus entry mediator 
Definition of abbreviations:
Ca 2ϩ ϭ treatment with calcium channel blockers; CO ϭ cardiac output; COPD ϭ chronic obstructive pulmonary disease; CREST ϭ calcinosis, Raynaud's phenomenon, esophageal dismotility, sclerodactyly, telangiectasias; dias ϭ diastolic; F ϭ female; HIV-1 ϭ human immunodeficiency virus-1; ILD ϭ intersitial lung disease; IPAH ϭ idiopathic pulmonary arterial hypertension; M ϭ male; O 2 ϭ treatment with chronic oxygen therapy; PA ϭ pulmonary artery; PAH ϭ pulmonary arterial hypertension; PE ϭ chronic pulmonary thromboembolic disease; Phen/fen ϭ exposure to the anorexigens phentermine/ fenfluramine; PGI2 ϭ treatment with intravenous epoprostenol; Portal Htn. ϭ portal hypertension; PVR ϭ pulmonary vascular resistance; Rx ϭ therapy received at the time of blood draw; sys ϭ systolic.
(HVEM). The primers and probes for q-PCR were purchased from Assay on Demand (Applied Biosystems).
Data Analysis
Patient demographics. Statistical analysis of the demographic data was performed with the Prism version 3.0 for windows (GraphPad Software, San Diego, CA). One-way analysis of variance was used to compare patient ages. Unpaired t tests were used to compare mean pulmonary artery (PA) pressures, cardiac output, and pulmonary vascular resistance (PVR) between patients with PAH. Unpaired t tests with a MannWhitney correction were used to analyze q-PCR results. Microarray analysis. Samples were analyzed by the use of Affymetrix HuFL GeneChips. Each gene on the chip is represented by 10 to 20 oligonucleotides referred to as a "probe set." The level of expression of a particular gene is directly associated with the intensity of hybridization of labeled messenger RNA to these probe sets. The HuFL GeneChip is designed to assess the expression level of approximately 6,000 different genes.
The array data were analyzed with BRB ArrayTools v3.0.2E developed by Dr. Richard Simon and Amy Tan. The initial data set consisted of 6,086 gene measurements for each of the 21 samples. Genes whose expression was not reliably detected (i.e., had an "absolute call" of "present" or "marginal," details in the Affymetrix Signal Algorithm Description Document white paper) in at least 11 of the 21 samples were excluded, resulting in the inclusion of 2,906 gene expression measurements in 21 samples. These measurements were mean centered and analyzed using the clustering, class comparison, and class prediction functions of BRB ArrayTools. The Gene Ontology (GO) analysis was conducted using GenMAPP and MAPPFinder (27) . The z score assigned to each category by MAPPFinder reflects the degree to which the differential expression of genes in that category was greater than that expected by chance. A high, positive z score indicates that a large number of genes in that category are differentially expressed between the compared conditions. Table 1 displays the characteristics of the patients whose PBMCs underwent microarray analysis. The patients with PAH and the normal volunteers were similar in age (50.2 Ϯ 3.5 years, n ϭ 15, vs. 39.0 Ϯ 1.9 years, n ϭ 6, mean Ϯ SEM, p у 0.05). The patients with IPAH and s-PAH were not significantly different in terms of mean PA pressure (60.3 Ϯ 6.0 mm Hg, n ϭ 7, vs. 49.8 Ϯ 1.7 mm Hg, n ϭ 8, mean Ϯ SEM, p у 0.09), cardiac output (3.77 Ϯ 0.78 L/min, n ϭ 7, vs. 4.46 Ϯ 0.5 L/min, n ϭ 7, mean Ϯ SEM, p у 0.4) or PVR (18.2 Ϯ 4.0 wood units, n ϭ 5, vs. 10.1 Ϯ 2.5 wood units, n ϭ 5, mean Ϯ SEM, p у 0.13). Table 2 displays the characteristics of patients who underwent quantitative PCR for prospective confirmation of the microarray data (prospective cohort). The patients with PAH and the normal volunteers were matched by age (53.6 Ϯ 3.6 years, n ϭ 14, vs. 47.0 Ϯ 5.3 years, n ϭ 6, mean Ϯ SEM, p у 0.3). The patients with IPAH and s-PAH were not significantly different in terms of mean PA pressure (53.0 Ϯ 7.3 mm Hg, n ϭ 4, versus 60.3 Ϯ 6.1 mm Hg, n ϭ 8, mean Ϯ SEM, p у 0.4), cardiac output (3.5 Ϯ 0.41 L/min, n ϭ 4, vs. 2.7 Ϯ 0.54 L/min, n ϭ 8, mean Ϯ SEM, p у 0.3), or PVR (10.5 Ϯ 3.6 wood units, n ϭ 4, vs. 15.0 Ϯ 1.7 wood units, n ϭ 8, mean Ϯ SEM, p у 0.23).
RESULTS
Patient Characteristics
Microarray Analysis
Microarray data were examined first in an unsupervised mode, using expression values for all 2,906 probe sets present in the majority of samples. Clustering of these data is shown in Figure  1A , which demonstrates that the non-PAH samples are more closely related to one another than to the PAH samples. The robustness of this grouping is high (0.931) when perturbed data are reclustered. A 106-gene expression signature (Table E1 in the online supplement), which supported this segregation of normal and PAH samples, was generated using a two-sample t test and a conservative p value cutoff (0.001) for expression differences supporting the class assignment. Perturbation testing of the resulting 106-gene signature suggests that this list contains fewer than two false discoveries. Supervised clustering of the samples using this signature results in a more robust (0.971) The utility of PBMC gene expression data for sample discrimination was evaluated in two separate prediction protocols. In the first protocol, a gene expression profile was developed from the first 14 patient and volunteer samples evaluated. This profile was used to predict the class membership of seven subsequent samples (05 Nor, 06 Nor, 04 PAH, 06 PAH, 07 PAH, 08 PAH, 13 PAH). In each case, the correct prediction was made with all of the available prediction algorithms (see Table E2 in the online supplement). Because of the limited size of the patient group, a second "leave-one-out" protocol was employed for prediction accuracy cross-validation; this has the advantage of using the data more efficiently. In our leave-one-out cross-validation, each patient or volunteer sample was excluded from the data set sequentially, and the remaining 20 samples were used to build a gene expression profile discriminating between the two classes, and the resulting profile was used to predict the class of the left-out specimen. In each of the 21 iterations, an independent expression profile was computed, and the prediction of the left-out specimen was completed with 95% or 100% accuracy using the available algorithms (see Table E3 in the online supplement). The p values for each of the predictors are estimated to be 0.002 or less based on 2,000 random permutations.
In addition to the comparisons of normal and PAH PBMC gene expression, we conducted a comparison of PBMC gene expression within the PAH patient population of seven IPAH and eight s-PAH samples. A comparison of these two groups with the class comparison protocol did not reveal a statistically significant pattern of gene expression discriminating between these two groups. Some individual genes did attain a statistically significant difference in this class comparison: 28 genes are significant at the ␣ ϭ 0.01 level, and 178 are significant at the ␣ ϭ 0.05 level. However, both sets of statistically significant gene lists failed to sustain significance on permutation testing, resulting in Figure 2 . Color display of the 106-gene signature discriminating between PAH and normal samples. The color display was generated using the GeneSpring program (Silicon Genetics, Redwood, CA). The green color represents relatively high expression, and the red color indicates relatively low expression.
an estimated 20% probability that either of these sets would have little predictive value in a larger cohort.
q-PCR Results
PAH versus normal.
Two genes identified through microarray analysis to distinguish patients with PAH versus normal individuals were selected for further investigation using q-PCR. The genes were selected for both their ability to discriminate between groups by microarray and their perceived biologic interest. These genes were ECGF-1 (p ϭ 0.0008) and ADM (p ϭ 0.0008). q-PCR was performed on the PBMC samples of a subset of the patients who had undergone microarray analysis (patients PAH 1, PAH 2, PAH 5, PAH 6, PAH 10, PAH 11, PAH 15, normal 2, normal 3, normal 6). As predicted by the microarray data, there was a significant difference in the expression of these genes between patients with PAH compared with normal control subjects (ECGF-1, 14,930 Ϯ 4,912, n ϭ 5, vs. 2,175 Ϯ 963, n ϭ 3, mean Ϯ SEM, p р 0.04) (ADM, 35.4 Ϯ 25, n ϭ 5, vs. 1.1 Ϯ 0.5 n ϭ 3, mean Ϯ SEM, p р 0.04) (Figures 3A and 4A) . q-PCR for these two genes was then performed on a second prospective cohort of normal individuals and patients with PAH. Again, a significant difference of expression of ECGF-1 and ADM was detected in PAH versus normal control subjects in the direction predicted by the microarray (ECGF-1, 14,930 Ϯ 4,912, n ϭ 14, vs. 2,175 Ϯ 963, n ϭ 6, mean Ϯ SEM, p р 0.05) (ADM, 61.5 Ϯ 15.8, n ϭ 14, vs. 17.5 Ϯ 10.4, n ϭ 6 mean Ϯ SEM, p р 0.03) (Figures 3B and 4B ).
IPAH versus s-PAH. Reanalysis of the microarray data using a supervised class comparison algorithm identified a list of 28 genes, which were differentially expressed in patients with IPAH versus s-PAH. One of these genes, tumor necrosis factor receptor superfamily, member 14, also called HVEM (p ϭ 0.007), was selected for analysis on our prospective cohort of patients by q-PCR.
q-PCR confirmed a significant difference in the expression of HVEM in the PBMCs of patients with IPAH compared with patients diagnosed with s-PAH (5,157 Ϯ 1,248, n ϭ 9, vs. 10,410 Ϯ 1,412, n ϭ 7, mean Ϯ SEM, p р 0.05) using this method ( Figure 5 ).
GO Analysis
To discover classes of genes that were involved in PAH, we used GenMAPP and MAPPfinder, and we employed less stringent statistical criteria for the identification of groups of genes than had been used for the identification of individual genes. This software calculates a standardized difference score (z score) for each gene category, comparing the number of observed changes in a category to the number expected in that category Gene symbol and Gene Bank ID are listed. The z-score assigned to each GO category reflects the degree to which the expression of genes within the category was greater then expected by chance alone (see text). Fold change indicates pulmonary arterial hypertension in relation to normal (PAH/Normal).
by chance. Table 3 lists discriminating genes by their described GO category. To be included in this list the genes had to have a z score of more than 3.0 and a minimum of six genes had to be differentially expressed in the involved GO category.
A significant number of genes in the GO categories of inflammatory response, stress response, cytochrome c oxidase, lysosome, and intracellular signaling cascade were identified as being differentially expressed.
DISCUSSION
Methods for large-scale molecular profiling of diseased tissues are well established with proven efficacy both diagnostically and prognostically (28) (29) (30) (31) . Recently, microarray analysis of surrogate tissues has been used to gain disease specific information. A number of investigators have employed this technology to document differences in gene expression of peripheral blood cells in a variety of disease states (21, 22, (32) (33) (34) (35) (36) . Here we attempted to define the gene expression of PBMCs to explore alternative means of defining and diagnosing severe PAH and to gain further insight into the pathobiology of the disease process.
PAH constitutes a wide spectrum of diseases that result in similar histopathologic and clinical phenotypes. Although it is increasingly accepted that patients who develop PAH have a genetic predisposition, the exact nature of these genetic anomalies and how the genotype interacts with various environmental factors remain unclear (37) (38) (39) (40) . Circulating blood cells may carry disease-specific information either because of inherent genomic alterations or because of alterations in their local environment. Furthermore, the gene expression of PBMCs may provide diseaserelevant information because of inflammatory and autoimmune mechanisms that likely play important roles in the development of PAH (3, 4, 10, (41) (42) (43) (44) . We have identified a gene expression pattern that accurately distinguishes patients with PAH from normal volunteers. We have also identified a number of novel genes that may be associated with the pathobiology of pulmonary hypertension. The genes and GO categories identified as being differentially expressed in PAH versus normal control subjects may be of significant biologic interest. We selected 2 genes from the 106-gene list that distinguishes PAH from normal individuals and 1 gene from the 28-gene list that was differentially expressed between patients with IPAH and s-PAH for confirmation by q-PCR. These genes were selected both because of their ability to discriminate between groups and because of their perceived biologic interest. ADM (increased in PAH vs. normal) (Figure 4 ) is a potent pulmonary vasodilator (45) . Plasma levels of ADM are elevated in idiopathic and secondary forms of pulmonary hypertension, and its use as a therapeutic inhalational agent in the treatment of PAH is currently under investigation (46) (47) (48) (49) . ECGF-1 (increased in PAH versus normal) (Figure 3) is an angiogenic factor, and its expression is increased in a number of malignancies (50) (51) (52) . As the plexiform lesion of PAH is composed of abnormally proliferating endothelial cells, an association with increased expression of ECGF-1 is of significant interest. The differential expression of HVEM between patients with IPAH and s-PAH (increased in s-PAH vs. IPAH) ( Table 4 and Figure 5 ) is potentially relevant in the context of our recent reports of an association between IPAH and human herpesvirus-8 (HHV-8) infection (43, 44) . The change of HVEM gene expression in PBMCs could be consistent with a herpesvirus infection, an activated immune system, or both. Further investigation is required to define the relevance of these finding to the disease process of PAH. Table 3 lists GO categories and specific genes within these categories that are differentially expressed in the PBMC samples of patients with PAH compared with normal volunteers. The "inflammatory response" and "response to stress" GO categories identified are intriguing and fit well with concept of an inflammatory phenotype previously described in PAH. Genes encoding chemokines and their receptors (CXCL1, CCR1, CCR7) and Toll-like receptors may be overexpressed as a result of a yet to be defined immune response. Increased expression of the genes for arachidonate-5 lipoxygenase and the arylhydrocarbon receptor are of interest as both proteins have been shown to be expressed in the plexiform lesions of severe PAH (53) . Ultimately, determining whether these genes are in fact involved in the pathogenesis of PAH will require further investigation.
TABLE 4. LIST OF 28 GENES FOUND TO BE DIFFERENTIALLY EXPRESSED BETWEEN PATIENTS WITH IPAH VS. S-PAH BY SUPERVISED CLASS COMPARISON
Beyond the potential biologic and diagnostic importance of this work, we also emphasize several important features regarding its execution. This study was designed to emphasize the importance of measure validation. Because of the high measurementto-sample ratio inherent in microarray studies, steps must be taken to avoid "overfitting" any predictive model (54) . For this reason, we employed both independent and "leave-one-out" cross-validation of our predictor. This was accomplished using a training set of two-thirds of the total number of arrays. The remaining one-third of the samples was used as a test set to determine, in a blinded fashion, the predicted value of the class prediction analysis. The blinded, prospectively analyzed, onethird contingent was accurately classified in all cases. This independent blinded data set represents the most stringent manner of analyzing the quality of a prediction rule. We used both crossvalidation and permutation testing to assess the quality of the prediction rule. A further validation was performed using an independent measure of gene expression magnitude.
The differences in gene expression were confirmed using an independent measure of messenger RNA abundance. The power of the microarray analysis to determine biomarkers, which discriminate between normal and pulmonary hypertension, is made evident by the fact that the prospective cohort also demonstrated the differences in gene expression profiles predicted by the microarray subset of diseased and normal patients.
We attempted in this study to define a signature set of genes that could reproducibly distinguish patients with IPAH from those with s-PAH. However, we were unable to identify a gene set that reliably defined class prediction when scrutinized by random permutation validation. However, a number of differentially expressed genes exist between patients with IPAH and s-PAH, and we prospectively validated one of these genes (HVEM) by q-PCR. There are several potential reasons why we were unable to define a gene profile that discriminated between patients with IPAH and s-PAH. These include our relatively small sample size of IPAH patients and the heterogeneous nature of the s-PAH cohort we used, the use of microarrays with a limited number of available gene probes, or the possibility that these disease phenotypes are not in fact distinguishable by microarray evaluation of PBMCs.
Several other potential limitations to this study merit discussion. First, it is not possible to determine from our findings whether the changes in PBMC gene expression are cause or consequence of the pressure elevation in the pulmonary vasculature. The observation that unsupervised clustering does not separate patients with IPAH from those with s-PAH might suggest that the pressure elevation in the pulmonary vasculature was the more important determinant of peripheral blood cell gene expression. An analysis of the gene expression in IPAH and s-PAH patients with less severe pulmonary hypertension may clarify this point. Second, it is also likely that some of the changes in gene expression observed are related to the therapy received rather then the underlying disease process. It is relevant to note, however, that treatment differences existed between our initial microarray cohort and the prospective cohort of patients, yet the differences in gene expression investigated by q-PCR remained consistent. Future studies need to examine the gene expression of patients with mild disease and attempt to obtain a cohort of previously untreated patients with severe disease. Finally, although there was not a statistically significant difference in the ages of patients with PAH as compared with normal volunteers in the microarray cohort, the mean age of the PAH patients was higher then that of the normal individuals (50.2 vs. 39.7 years), which theoretically could have affected our results.
Our work represents a novel approach to the identification and classification of PAH. A lack of access to the site of pathologythe lung vasculature-early in the patient's course has severely limited the study of PAH disease progression at both histologic and molecular levels. The ability to distinguish patients with PAH by examining peripheral blood has significant implications in terms of diagnosis and patient screening. Elucidation of the pathologic mechanisms involved in these changes in gene expression will require further investigation.
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